MicroRNAs play critical roles in regulating gene expression andvarious cellular processes in human cancer malignant progression. Down-regulated expression of miR-124 gene has been shown to be significantly associated with a poor prognosis in patients with non-small cell lung cancer (NSCLC) but its biological function and regulatory roles in lung cancer tumorigenesis are largely unknown. In this study, we aimed to determine effects of ectopic expression of miR-124 on tumor cell proliferation, invasion, and induction of apoptosis by DOTAP: Cholesterol nanoparticle-mediated gene transfer and identify its endogenous targets under physiological conditions in NSCLC cells. Over-expression of miR-124 significantly suppresses tumor cell proliferation, colony formation, migration, and induction of apoptosis in H322 and A549 cells. Two endogenous miR-124 targeting sites in the 3'UTR of CD164 mRNA are identified by a stem-loop-array reverse transcription PCR (SLA-RT-PCR) assay in H1299 cells under physiological condition. Ectopic expression of miR-124 induces CD164mRNA cleavage and down-regulated its gene and protein expression. Our results suggest that miR-124 function as a tumor suppressor miRNA and suppress tumor proliferation and aggression by directly targeting oncogenic CD164 signaling pathway in NSCLC.
Introduction
MicroRNAs (miRNAs) are a class of highly conserved small RNA molecules that function as critical regulators of gene expressionthrough binding to the 3'-untranslated region (3'-UTR) of target mRNAs resulting in either mRNA degradation or translation inhibition [1] [2] [3] . MicroRNAs are initially transcribed as long primary transcripts (pri-miRNAs) that undergo sequential processing by the RNase III endonucleases Drosha and Dicer to yield the mature 20-23 nucleotide species [4] . Mature miRNAs associate with the RNAinduced silencing complex (RISC) and interact with their binding sites with imperfect complementarity in 3' untranslated regions (UTRs) of target mRNAs. Targeted transcripts subsequently undergo accelerated degradation and reduction of protein production [4, 5] . It has been estimated that miRNAs may regulate one third to as many as two thirds of human and mammalian genes and may function as oncogenes or tumor suppressors depending on their targets [6] [7] [8] [9] . A growing body of evidence has shown that miRNAs are essential for normal cellular function and development and dysfunction of miRNAs has been linked to many human diseasesand cancer pathogenesis [10] .
MicroRNA-124 (miR-124) is one of most frequently dysregulated miRNA genes found in various human cancers such as breast cancer [11, 12] , lymphoma [13] , glioma [14] [15] [16] , and non-small cell lung cancer (NSCLC) [12, [17] [18] [19] . Deregulation of miR-124 expression has been shown to be involved in carcinogenesis [20] , significantly associated with poor prognosis [12, 18, 20, 21] , and function as tumor suppressor inhibiting tumor cell proliferation and metastasis [19, 21] in NSCLC. The regulatory roles of miR-124 in many human cancer pathogenesis and malignant progress have been shown to be mediated by targeting and interacting with multiple key genes in tumor suppressing and oncogenic signaling pathways, including STAT3 [12, 14, 21, 22] , PIK3K/Akt [21] , ROCK1/2 [15, 23, 24] , EZH2 [24, 25] , NOTCH1 [26] , CDK4 [27] , FOXQ1 [28] and SPHK1 [29] [30] [31] [32] [33] . However, the function and molecular mechanism of miR-124 as well as its endogenous cellular targets have not been fully understood and investigated in lung cancer.
In this study, we constructed various types of plasmid vectors expressing miR-124 precursors to investigate the role of miR-124 as a potential tumor suppressor miRNA in suppression of tumor cell proliferation and progression, and induction of apoptosis and explore its therapeutic potential by DOTAP: Cholesterol nanoparticlemediated miR-124 gene transfer in NSCLC cells [34, 35] . We also used a novel stem-loop-array reverse transcription PCR (SLA-RT-PCR) assay developed in our laboratory to identify potential endogenous targets specifically interacting with miR-124 to understand the molecular mechanism in miR-124-mediated biological activities and cellular processes in lung cancer cells.
Materials and Methods

Cell culture
The human non-small cell lung cancer cell (NSCLC) line H1299, A549 and H322 cells were obtained from ATCC (Manassas, VA) and grown in RPMI 1640 supplemented with 10% fetal bovine serum and in a humidified incubator with air supply containing 5% CO 2 at 37 ⁰C.
Plasmid construction
To construct and optimize three human precursor miR-124 (premiR-124) gene expressing plasmids, 86-nucleotides of pre-miR124-1 (caggcctctctctccgtgttcacagcggaccttgatttaaatgtccatacaattaaggcacgcggtgaatgccaagaatggggctg), 109-nucleotides of pre-miR124-2 (atcaagattagaggctctgctctccgtgttcacagcggaccttgatttaatgtcatacaattaaggcacgcggtgaatgccaagagcggagcctacggctgcacttgaa), and 87-nucleotides of pre-miR124-3 (tgagggcccctctgcgtgttcacagcggaccttgatttaatgtctatacaattaaggcacgcggtgaatgccaagagaggcgcctcc) DNAs were synthesized from Sigma. Seven plasmids were constructed with the same clinicallyproven backbone consisting of an expression cassette with a CMV promoter and BGH polyA signaling sequences [34] and a combination of three miR-124 precursor sequences in tandem or individually, and they were named as pre-miR124-123, pre-miR124-1, pre-miR124-2, pre-miR124-3, pre-miR124-12, pre-miR124-23, premiR124-13, as illustrated in Figure 1 . All constructs were confirmed by DNA sequencing.
DNA transfection
Cells were plated and cultured overnight, and then transfected with specified expression vectors using DOTAP: Cholesterol (DC)-encapsulated plasmid DNA nanoparticles [34] . In brief, 2 µL of DC nanoparticles and 2 µg of plasmid DNA were mixed, and the mixture was added to each well in a six-well plate and incubated for designated periods of time.
Real-time PCR assays for detecting miRNA
Total RNA was isolated by using TRIzol reagent (Invitrogen) and additional phenol: Chloroform extraction was performed before ethanol precipitation according to the manufacturer's instruction. Mature miR-124 expression was detected by a quantitative real-time PCR with miR-124-specific primers and Taqman probe (Applied Biosystems). Real-time PCR assays were performed in triplicates and U6 RNA were used as an internal control.
Apoptosis and cell cycle analysis by flow cytometry using Propidium iodide (PI) DNA staining
Cells were collected 48h after transfection with pre-miR124-1,3 plasmid and the low expression pre-miR124-2 plasmid and untransfected cells were used as negative controls. Cell were fixed in cold 70% ethanol and stained with 200 μl PI (50 μg/ml). Cell cycles were analyzed by flow cytometry.
Colony formation assay
Cells (single cell suspension) were plated in 6-well plates at a density of 200 cells/well. After 24 h of incubation, cells were transfected with pre-miR124-1,3 plasmid with pre-miR124-2 and empty plasmid vectors as negative controls. Every three days, the medium was replaced with fresh medium containing 500 µg/ml of G418. After a 10 day treatment, the medium was removed and cell colonies were stained with crystal violet (0.1% in 20% methanol) and counted with a cell counter. Images of stained tumor cell colonies were recorded with a digital camera and numbers and sizes of stained colonies were counted and quantified using imaging analysis software.
Cell migration assay
Cells were transfected with pre-miR124-1,3 plasmid with premiR124-2 plasmid and empty vector as negative controls. After cells grown into confluent monolayers cells were "wounded" by scratching-off a 1 mm strip of cells across the well with a standard 200 μL pipette tip. The wounded monolayers were washed twice to remove non-adherent cells. Phase-contrast light micrographs were taken immediately after cell removal and after 24 h of incubation for analysis using Wimasis Image Analysis. The representative secondary structure of a tandem three pre-miR124 precursor miRNA segment with the lowest free-energy was predicted by RNA fold software (Vienna RNA Web Servers). (C) Expression of mature miR-124 in in H1299, H322, and A549 cells transfected with different pre-miR124 constructs by real time qRT-PCR assay (mean ± SD) (n=3). The plasmid vector pre-miR124-1,3 with a combination of pre-miR-124-1 and pre-miR-124-3 produced the highest amount of mature miR-124. Difference between two groups was analyzed by using two-tailed t-test.
Western blot assay
H322 cells were collected 48h after transfection with premiR124-1,3 plasmid with pre-miR124-2 plasmid and empty vector as negative controls. Cells were lyzed with Laemini urea buffer. The extract samples were separated by 10% SDS-PAGE gel and transferred to NC membrane for a conventional western-blotting analysis. The membranes were probed with primary antibodies to CD164 antibody and then incubated with corresponding HRP-conjugated secondary antibody (1: 5000, anti-mouse). Signals were visualize by using an ECL kit (Pierce, IL, USA). 
SLA-RT-PCR assay
Statistical analysis
Quantitative variables with normal distribution were reported as median ± SD (n=3). All assays were with duplicates or triplicates and experiments were repeated at least once. The difference between two treatment groups was analyzed by using two-tailed t-test and p values< 0.05 were considered as statistically significant. STATISTICA 12 (StatSoft) software was used for data analysis.
Results
Differential expression of miRNA-124 by different premiR-124 plasmid constructs
Three pri-miR-124 genes exist in human genome with different chromosomal locations, expressed as three pre-miR-124 precursors with different sequences, and processed into identical mature miR-124 with varied efficiency [36] . There are three predicted precursors of hsa-miR-124, pre-miR124-1 and pre-miR-124-2 encoded in chromosome 8 and pre-miR-124-3 encoded in chromosome 20. To evaluate effects of the pre-miRNA-124 processing and optimize expression plasmid constructs on mature miR-124 production, we constructed various types of plasmid vectors with the same clinicallyproven backbone consisting of an expression cassette with a CMV promoter and BGH polyA signaling sequences and a combination of three miR-124 precursor sequences in tandem or individually ( Figures  1A and 1B) . A significant difference in production of mature miR-124 was observed in H1299, H322 and A549 cells transfected with these pre-miRNA-124 expression plasmids ( Figure 1C ). Mature miR-124 expression was significantly dependent on the pre-miR-124 sequence and structure. In H1299 cells, miR-124 expression was 80% less in cells transfected by pre-miR-124-2 compared to pre-miR-124-1 and pre-miR-124-3. In contrast, the plasmid vector pre-miR124-1,3 with a combination of pre-miR-124-1 and pre-miR-124-3 produced the highest amount of mature miR-124, emphasizing the necessary for optimization of miRNA expression plasmid construction. 
Inhibition of tumor cell proliferation and tumor cellinduced clonogenesis by ectopic expression of miR-124
A significant inhibition on tumor cell proliferation was detected in H322 and A549 cells transfected by miR-124-1,3 plasmid vector compared to those transfected with the low expression miR-124-2 plasmid or empty vector control (Figure 2A) , with an average of 50% inhibition rates in H322 cells and 30% inhibition rates in A549 cells, respectively. Anchorage-independent growth is an important characteristic of in vitro tumor growth and colony formation assays were performed to examine the effects of miR-124 on in vitro cell growth. Tumor cell-induced colony formation was significantly inhibited in H322 and A549 cells transfected by miR-124-1,3 ( Figure  2B ). These results suggest a role of miR-124 as a tumor suppressor miRNA in NSCLC cells.
Identification of CD164 as a direct endogenous target of miR-124 in NSCLC cells
To identify the endogenous target of miR-124 under physiological condition, we used Targetscan (http://www.targetscan.org/) program to predict the potential targets of miR-124 and found two potential target sites in the 3'UTR of the CD164 mRNA transcript, which are highly conserved in mammals ( Figure 3A) . To confirm that the CD164 transcript is a direct endogenous target of miR-124, we used a novel sensitive Stem-Loop Array RT-PCR (SLA-RT-PCR) assay developed in our laboratory to detect the potential miR-124-mediated target mRNA cleavage and expression suppression (Figure 3) . A series of SLA-RT primers with a 6-nucleotide (nt) probe at their 5' termini was designed to match along the miR-124 binding sites on CD164 ( Figure   3B ). A cleaved 5'-mRNA fragment with its 3' terminal sequence complementarily matched with the probe sequence of an SLA-RT primer was specifically and most efficiently reverse transcribed and its relative abundance was subsequently determined by PCR. The accumulation of a cleaved 5'-mRNA fragment at a specific cleavage site was represented by the relative intensity of each specific SLA-RT-PCR amplicon and resolved on an agarose gel. H1299 cells were transfected with high expression miR-124-1,3 vector and low expression miR-124-2 vector was used as a negative control. MiR-124 cleaved 5'-fragments of CD164 mRNA were clearly detected by SLA-RT-PCR as indicated in red box, in H1299 cells transfected with miR-124-1,3 plasmid ( Figure 3C ). The results from SLA-RT-PCR reactions showed elevated amplicon intensities at bases C7-G8 in the seed region after transfected with miR-124-1,3 vector ( Figure  3C ), which suggest that miR-124 mediated CD164 mRNA cleavage. In addition, down-regulated expression of CD164 protein was also detected in these miR-124 transfectants by Western-blotting assay ( Figure 3D ). These results confirmed CD164 as an endogenous target of miR-124 in NSCLC cells under physiological condition.
Induction of apoptosis and inhibition of tumor cell migration by miR-124-mediated down-regulation of CD164
To understand the molecular mechanisms in miR-124-mediated tumor suppression and down-regulation of CD164 expression, we determined the induction of apoptosis by ectopic expression of miR-124 using FACS analysis with DNA PI staining. A significant induction of apoptosis was detected in H322 and A549 cells transfected with miR-124-1,3, as indicated by an elevated G0/G1 population (Figure 4A). Furthermore, to determine biological activity associated with CD164 expression modulation, we used a wound-healing assay to evaluate its effect on tumor cell mobility and migration ( Figure 4B) . A significant inhibition of tumor cell mobility was observed in H322 and A549 cells transfected with miR-124-1,3 compared to transfected with miR-124-2 or negative control ( Figure 2B ).
Discussion
MicroRNA-based anticancer therapies are being developed to target multiple cancer-driven effector genes in tumor suppressing and oncogenic signaling pathways involved in cell differentiation, proliferation, malignant progression, and survival [37] . Overexpression of miRNAs by introduction of pre-miRNAs plasmids into cells has various advantages compared to synthetic miR mimics. However, pre-miRNAs expression cassettes have not been fully optimized by current studies. Pre-miRNA-124 is encoded in three distinct chromosomal regions but expresses the identical mature form of mature miRNA-124. Because of different secondary structure and flanking sequences in three pre-miR-124 precursorsthe overexpression of pre-miR-124-2 produced the lowest amount of mature miR-124, while pre-miR-124-1,3 plasmid construct containing both the pre-miR-124-1 and pre-miR-124-3 resulted in the highest amount of mature miR-124 production. Our study showed that individual pre-miRNA constructs produce mature miRNAs in different efficiency, emphasizing the importance to optimize miRNA expression constructs for appropriate therapeutic applications of miRNAs. There are two approaches to re-introduce miRNAs into target cells: transfection of synthetic miRNAs (miRNA mimics) and miRNA-expressing vectors. Transfection of synthetic miRNAs is easy and convenient, however, the lack of in vivo efficient delivery and extremely high cost of miRNA mimics synthesis limits their therapeutic use [37] . In contrast, miRNA-expressing vectors have advantages over synthetic miRNA mimics for its unlimited expression of miRNAs and availability of clinically approved DC-nanoparticlemediated systemic administration, which has been developed in our laboratory and successfully used to delivery therapeutic tumor suppressor genes in preclinical and human clinical trials in NSCLC patients [34] .
Reintroduction of miR-124 dramatically repressed the proliferation and migration of NSCLC cell in vitro. Moreover, this study has identified CD164 as the direct target of miR-124 in NSCLCs. CD164 is a type I integral transmembrane sialomucin that functions as an adhesion receptor [38] . These findings suggest that miR-124 plays an important role in the migration potential of NSCLCS. In conclusion, we may reasonably speculate that the restoration of miR-124 activity, by DOTAP: Cholesterol-pre-miR-124-1,3 nanoparticlemediated miRNA gene transfer may represent an attractive strategy for NSCLC therapy. 
